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SPALCC

MEMORANDUM May 29, 2018
TO: Federal Aviation Administration, Office of Commercial Space Transportation
FROM: Space Exploration Technologies

SUBJECT: Sonic Boom Analysis

As described in the 2017 Supplemental Environmental Assessment (SEA) for SpaceX Vertical
Landing of Falcon 9 at LC-13, Space Exploration Technologies (SpaceX) is currently returning
Falcon first stages to LZ-1 and LZ-2 at Cape Canaveral Air Force Station (CCAFS). While it is
SpaceX’s goal to boost-back and land all first stage boosters for reuse, because some payloads
require additional fuel to reach desired orbits or destinations (due to increased weight or extended
trajectory), not all the launches projected would include boost-back and landing. For Falcon Heavy
boost-back and landing (which involves three first stage boosters), each of the three boosters
would be controlled separately so their approach and landing would be managed independently.
Not all of the boosters would land at CCAFS. Some would land on one of SpaceX’s droneships in
the Atlantic Ocean. For purposes of environmental analysis, the discussion of environmental
conseqguences assumes a maximum of 54 annual first stage boosters landing at CCAFS (LZ-1
and/or LZ-2) and 27 annual first stage boosters landing on a droneship.

An Environmental Assessment (EA) is being prepared for the Proposed Action. The EA is being
prepared in accordance with the National Environmental Policy Act (NEPA) of 1969, as amended
(42 U.S.C. 4321 et seq.); as implemented by CEQ regulations (40 Code of Federal Regulations
[CFR] Parts 1500- 1508); and 32 CFR Part 989.

In accordance with Federal Aviation Administration (FAA) Order 1050.1E, if a project involves
commercial space launch vehicles reaching supersonic speeds, the potential for sonic boom
impacts should be discussed.

As such, the EA must use applicable methodology and predictions for sonic boom levels of the
Proposed Action. It should be noted that the sonic boom model described in 1050.1E FAA Order,
PCBOOM, was originally developed to address high frequency lateral events such as airplane and
jet take-offs and landings. Historical Environmental Assessments and Environmental Impact
Statements for space vehicle launches which occur with much less regularity, acknowledged the
1050.1E FAA Order is not as applicable because of the lower frequency of “the action”. Additionally,
the Falcon first stage landings are vertical.

U.S. Export Controlled. SpaceX Proprietary Information.

Proprietary Notice-This document and the data contained herein constitute PROPIERTARY INFORMATION of Space Exploration Technologies
Corp. (SpaceX). They are provided in confidence under existing laws, regulations and/or agreements covering the release of commercial,
competition-sensitive, and/or proprietary information, and shall be handled accordingly.
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SpaceX has run the PCBOOM model in 2015 for Vandenberg landings in preparation of the 2017
Incidental Harassment Authorization Application Boost-Back and Landing of the Falcon 9 First
Stage at SLC-4 West. PCBOOM was also run in the 2017 Sonic Boom Analysis for SpaceX Falcon
9 Flybacks to CCAFS and VAFB.

Sonic Boom Modeling

The results of the 2015 PCBOOM modeling underestimated the near-field overpressures based
on the recorded data during a landing at CCAFS. In 2017, PCBOOM was used and predicted levels
were compared to the overpressure measurements for two Falcon 9 landings at CCAFS. Factors
including the physical characteristics of the vehicle, atmospheric conditions through which it
propagates, and wind were included in the modeling analysis. The data used in the model for
included winds, temperature, and pressure as a function of altitude as recorded by a weather
balloon released prior to the launch and landing. Using real data collected during the landing
missions, PCBOOM methodology showed similarities between the measured and modeled levels.
The CCAFS modeling methodology was then used to model the sonic boom peak overpressures
generated by landings at VAFB. Precise and real-time atmospheric factors are needed to provide
accurate overpressure predictions for Falcon first stage booster landings.

SpaceX Sonic Boom Data and Modeling

To provide more accurate overpressure predictions, SpaceX and the U.S. Air Force (USAF)
adapted the sonic boom modeling used in the NASA technical paper 1122 with modifications,
including expansion of the geometry and simplifying relations to estimate the wave propagation to
the ground. The SpaceX 1122 model assumes the focal point of the sonic boom is the landing pad
(LZ-1 or LZ-2) and has been continuously optimized to match overall data from SpaceX landing
missions. The model has been presented to the USAF and used in previous environmental
consultations to predict overpressures for SpaceX land landings at Vandenberg, AFB. Prior to
landing missions, SpaceX used the adapted 1122 model to predict overpressures across a 10-mile
radius and compared the predictions to recorded overpressure levels during the landings of the
Falcon first stage boosters. Four low frequency, omni-directional microphones located across a
10-mile radius and were used to record sonic booms for multiple landing missions including the
Customer X, CRS-9, CRS-10, CRS-11, CRS-12, NRO L-76, Orbcomm-2, and Falcon Heavy
missions. Figure 1 shows the SpaceX modeled overpressure predictions based on the flight
trajectory with the measured overpressure levels for the corresponding mission.

U.S. Export Controlled. SpaceX Proprietary Information.

Proprietary Notice-This document and the data contained herein constitute PROPIERTARY INFORMATION of Space Exploration Technologies
Corp. (SpaceX). They are provided in confidence under existing laws, regulations and/or agreements covering the release of commercial,
competition-sensitive, and/or proprietary information, and shall be handled accordingly.
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Overpressure measurements were in line with expectations. SpaceX 1122 model predicts

mid-field and far-field (>1mile) measurements within 30% accuracy. Near-Field (<1mile)

measurements are typically lower than predictions. SpaceX 1122 model over predicts close to

the landing site.

Figure 2 compares the measured overpressures of several missions. Comparison of
overpressure measurements for Falcon 9 land landings show high precision, with

overpressures not exceeding 6 psf. Re-entry trajectories between the missions were similar.

U.S. Export Controlled. SpaceX Proprietary Information.

Proprietary Notice-This document and the data contained herein constitute PROPIERTARY INFORMATION of Space Exploration Technologies
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SpaceX also recorded data during the landing of the two Falcon Heavy first stage boosters
(Table 1 and Figure 3). The data showed overpressure magnitudes as expected, the booms
from each booster remained separate and did not coalesce into a single boom. Booms from
each booster are similar in magnitude and remain below 6 psf, as recorded in previous

landings.

Table 1. Measured Overpressures during Falcon Heavy First Stage Booster Landings

Microphone Description As Placed Booster 1 Booster 2 Distance
Name GPS Location Measurement |Measurement from LZ-1
PSF PSF (miles)
Landing Z 28°29'11.07"N
Lz-1 aning cone 5.185 5.537 0.28
Dynamics DAQ 80°32'51.00"W
LC-40 Dynamics 28°33'37.60"N
LC-4 1. 1.71 .
€40 DAQ 80°34'37.40"W °89 8 °-5
LC-39A 28°36'36.526"N
LC-39A 1.403 1.438 9.38
Dynamics DAQ 80°36'19.95"W
28°252.00"N
L XL 2.277 2.2582 .
CcC SpaceX LCC 80°36'20.00"W 58 6.06

U.S. Export Controlled. SpaceX Proprietary Information.
Proprietary Notice-This document and the data contained herein constitute PROPIERTARY INFORMATION of Space Exploration Technologies
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Conclusion

SpaceX has measured and analyzed land landing overpressure data since 2015 and
continues to rigorously optimize their adapted 1122 Model to provide the most accurate and
appropriate prediction for sonic boom data of a space craft vertical landing. PCBOOM has
been used in several instances and unless calibrated to account for precise atmospheric
factors, this model can under predict peak overpressures for Falcon first stage boosters.
SpaceX believes the adapted 1122 model represents the most applicable overpressure
predictions based on the accuracy of the results discussed above and the previous approved
use in environmental consultations. SpaceX believes the precision would remain the same for
the future Falcon 9 first stage booster landings, with the highest peak overpressure remaining
between 6-7 psf. Based on the precision of the data presented, similar re-entry trajectories with
the same vehicle would result in similar sonic boom magnitudes.

U.S. Export Controlled. SpaceX Proprietary Information.
Proprietary Notice-This document and the data contained herein constitute PROPIERTARY INFORMATION of Space Exploration Technologies
Corp. (SpaceX). They are provided in confidence under existing laws, regulations and/or agreements covering the release of commercial,
competition-sensitive, and/or proprietary information, and shall be handled accordingly.
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1 Sonic Boom Modeling

SpaceX is proposing to land the Dragon capsule at two potential locations, Cape Canaveral Air Force
Station (CCAFS), Florida and White Sands Missile Range (WSMR), New Mexico. This memo documents
the sonic boom noise analysis for the two Dragon capsule reentry trajectories.

A vehicle creates sonic booms during supersonic flight. The potential for the boom to intercept the
ground depends on the trajectory and speed of the vehicle as well as the atmospheric profile. The sonic
boom is shaped by the physical characteristics of the vehicle and the atmospheric conditions through
which it propagates. These factors affect the perception of a sonic boom. The noise is perceived as a
deep double boom, with most of its energy concentrated in the low frequency range. Although sonic
booms generally last less than one second, their potential for impact may be considerable.

The single-event prediction model, PCBoom4 (Plotkin, 1996; Plotkin, 1989; Plotkin, et al., 2002), is used
to predict a sonic boom footprint. PCBoom4 calculates the magnitude and location of sonic boom
overpressures on the ground from a vehicle in supersonic flight. Several inputs are required to calculate
the sonic boom footprint, including the aircraft model, the trajectory path, the atmospheric conditions
and the ground surface height. Predicted sonic boom footprints are generally presented as contours of
constant peak overpressure (in terms of pounds per square foot, psf).

2 Noise Modeling Parameters

The PCBoom4 vehicle inputs include the vehicle length and vehicle weight. These parameters are
summarized in Table 1 for the SpaceX Dragon capsule, specific to its reentry configuration. SpaceX
personnel provided two reentry trajectories: one landing at CCAFS and the second at WSMR. The
trajectory excel file provided, ‘trajectories for_blueridge 04282015.xIsx’ contained the parameters
time, latitude, longitude, altitude, Mach, heading, and flight path angle. Additional derivations required
for PCBoom4 were calculated using the data provided. Site-specific atmospheric profiles were extended
to the necessary altitudes and utilized for the following analysis.

Table 1. Vehicle parameters used in acoustic modeling

102
Total Weight 21,000 lbs

3 Results

The peak overpressure contours resulting from the nominal reentry trajectories of the Dragon capsule
are shown in Figure 1 and Figure 2 for CCAFS and WSMR, respectively. The maximum predicted sonic
boom overpressure is 0.41 psf for CCAFS and 0.37 psf for WSMR. The proposed operational tempo
includes two nighttime landings and four daytime landings. The maximum noise exposure associated
with the proposed operational tempo and max psf is predicted to be a C-weighted DNL of 33 dBC for
CCAFS and 32 dBC for WSMR, which translates to an equivalent A-weighted DNL of 38.5 dBA for CCAFS
and 37.5 dBA for WSMR, according to ANSI 12.9 Part 4 Annex B.

Blue Ridge Research and Consulting, LLC - 29 N. Market St. Suite 700, Asheville NC 28801 - (828) 252-2209 2
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1 Introduction

Sonic boom analysis has been completed for the SpaceX Falcon 9 reusable first stage flybacks to Cape
Canaveral Air Force Station (CCAFS), Florida and Vandenberg Air Force Base (VAFB), CA. Recent sonic
boom measurements collected by SpaceX personnel during the CRS-9 and CRS-10 missions from CCAFS
present the opportunity to identify a PCBoom modeling methodology appropriate for modeling Falcon 9
flybacks. A comparison of measured and modeled results for the two CCAFS missions are presented along
with modeled peak overpressure contours. Using the same PCBoom modeling methodology implemented
for the CCAFS flybacks, the resulting sonic booms peak overpressure contours are also presented for
Falcon 9 flybacks to VAFB.

2 Sonic Boom Modeling

A vehicle creates a sonic boom continuously during supersonic flight. The potential for a boom to intercept
the ground depends on the trajectory and speed of the vehicle as well as the atmospheric profile. A sonic
boom waveform is shaped by the physical characteristics of the vehicle and the atmospheric conditions
through which it propagates. These factors affect the perception of a sonic boom heard on the ground.
Sonic boom modeling and analysis utilized PCBoom4 software (1; 2), which includes the above factors.
PCBoom4 calculates the magnitude and location of sonic boom overpressures on the ground from a
vehicle in supersonic flight.

3 Cape Canaveral Air Force Station

The sonic boom peak overpressure measurements for two Falcon 9 flybacks to CCAFS, associated with the
CRS-9 and CRS-10 missions, were compared to predicted levels generated using a number of PCBoom
modeling methodologies to determine an appropriate modeling methodology based on optimal
agreement between the measured and modeled levels. The modeling methodology identified uses
PCBoom’s mode 3, the Carlson F-function mode, and an axisymmetric shape factor of 0.084.

The trajectory and atmospheric profile data used to model the Falcon 9 flybacks to CCAFS were provided
by SpaceX and summarized in Table 1. The CRS-9 and CRS-10 trajectory files include the supersonic portion
of the Falcon 9’s reusable first stage return to CCAFS. The CRS-9 and CRS-10 atmospheric data files include
the winds, temperature, and pressure as a function of altitude as recorded by a weather balloon released
prior to the launch and from a ground station approximately 1 mile from the landing site. The weather
balloon data were provided for altitudes up to 11 miles. To extend the altitude range within the trajectory
data, the temperature profile was extended using data obtained from the National Climatic Data Center
(NCDC) Station 74794 at Cape Canaveral for altitudes up to 19 miles and the NASA Technical Memo 4511
and the “Handbook of Astronautical Engineering” (McGraw-Hill 1961) for altitudes up to 56 miles.

Table 1. Data provided by SpaceX

Mission \ Trajectory Filename ‘ Atmospheric Profile Filename \ Date Received
CRS-9 CRS9_AsFlown.xlsx F9_27 Boom_Atmospheric.xls 30Jan 17
CRS-10 CRS10.txt CRS_10_Boom_Atmospheric.xls 22 Mar 17

Blue Ridge Research and Consulting, LLC - 29 N. Market St. Suite 700, Asheville NC 28801 - (828) 252-2209 2
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The CRS-9 and CRS-10 Falcon 9 flyback sonic boom peak overpressure levels are presented in Figure 1
along with the modeled levels. The peak overpressures are provided in pounds per square foot (psf) with
the measured levels (green circles) compared to the modeled levels without wind (filled grey circles) and
modeled with wind (outlined grey circles). Table 2 shows the measured levels compared to the predicted
levels modeled without wind and with wind. The modeled levels for LZ-1 and Bldg 20185 locations are
represented by a range of levels because the locations are within the highest modeled contour and are
generated as the vehicles decelerate through Mach 1.0. The selected sonic boom modeling methodology
results in predicted levels that compare favorably to measured levels, with a majority of the predictions
within 0.5 psf of measured levels as shown in Table 2.
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Figure 1. CRS-9 and CRS-10 measured vs. modeled peak overpressure levels comparison

The sonic boom peak overpressure contours are presented for CRS-9 in Figure 2 (without wind) and Figure
3 (with wind), and for CRS-10 in Figure 4 (without wind) and Figure 5 (with wind), along with the mission
specific measurement locations (filled red circles). These figures demonstrate the effect wind has on the
sonic boom footprint. For the cases with wind included, the sonic boom footprints are shifted and more
complex because of the interaction of sonic boom propagation and wind speed profile. As the atmospheric
profile was collected prior to the flyback operation, it is important to note that the actual sonic boom
generated propagated through a similar but different wind speed profile. These figures provide a
demonstration of the variation inherent in sonic boom propagating through a real atmosphere.

Blue Ridge Research and Consulting, LLC - 29 N. Market St. Suite 700, Asheville NC 28801 - (828) 252-2209 3
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Overall, the comparison demonstrates great agreement between the measured and modeled data.
Modeling results over-estimated levels for 12 of the 18 measurement locations (67%) when the wind data
were not included and 9 measurement locations (50%) with wind included. Modeling without wind
provided better estimates overall with levels within 0.1 psf for 14 of the 18 of the measurement locations
(78%). The four sites in which modeling with wind results in a significantly smaller difference between
measured and modeled are the four farthest CRS-10 measurement locations (M18p, M18, M20p, and
M20). The estimated levels at these four sites is 0 psf (no sonic boom generated) because the CRS-10
winds effectively shifted the ground intercept of the sonic so that these last four sites were outside of the
boom’s footprint.

Table 2. Measured and modeled peak overpressure levels for CRS-9 and CRS-10 flybacks

Atmosphere Atmosphere
(without wind) (with wind)

Location Distance from Measured || Predicted Diff Predicted Diff
LZ 1, miles psf psf psf psf psf

LZ-1a/b/c 0.2-0.3 5.0-5.5 5.0-6.2 0.0-1.2 5.0-6.2 0.0-1.2

Bldg20185a/b 1.1-1.2 4.2-43 5.0-6.2 0.7-2.0 5.0-6.2 0.7-2.0
Hanger AO 2.3 3.7 3.4 -0.3 3.5 -0.2
LC-40 5.5 2.2 2.2 0.0 2.3 0.1
LCC 6.0 1.9 2.0 0.1 1.6 -0.3
LC-39A 9.3 1.5 1.6 0.1 1.6 0.1
Offsite 10.1 1.5 1.4 -0.1 0.1 -1.4
M4 4.0 2.9 2.7 -0.2 2.3 -0.6
M4p 4.1 33 2.9 -0.4 2.5 -0.8
M6 6.0 3.1° 21 -1.0 2.0 -1.1
Meép 6.0 2.1° 2.3 0.2 2.2 0.1
M9p 9.5 1.5° 1.8 0.3 1.1 -0.4
M10 9.9 1.5° 1.4 -0.1 0.5 -1.0
M12 12.0 1.22 1.2 0.0 0.0 1.2
M18p 17.8 0.3 1.1 0.8 0.0 0.3
M18 18.1 0.2 0.9 0.7 0.0 0.2
M20p 20.1 0.1 1.1 1.0 0.0 0.1
M20 20.8 0.03 0.2 0.17 0.0 0.03

2 Value is estimated by SpaceX from Clipped Data.
® Data is from SpaceX Pad measurement and microphone has a 20 Hz — 20 kHz response.

Blue Ridge Research and Consulting, LLC - 29 N. Market St. Suite 700, Asheville NC 28801 - (828) 252-2209 4
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Figure 2. Sonic boom contours generated by the CRS-9 Falcon 9 flyback modeled without wind
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Figure 3. Sonic boom contours generated by the CRS-9 Falcon 9 flyback modeled with wind
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Figure 4. Sonic boom contours generated by the CRS-9 Falcon 9 flyback modeled without wind

Blue Ridge Research and Consulting, LLC - 29 N. Market St. Suite 700, Asheville NC 28801 - (828) 252-2209 7



Sonic Boom Analysis for SpaceX Falcon 9 Flybacks to CCAFS and VAFB

Technical Memo — March 2017

TN

BLUE RIDGE

RESEARCH AND CONSULTING

\ ormond
\ Beach™\

L MINOLE CO

L oviedo
7 2

1
o
F rational
ot ‘(-.r—

3 0 3

6 ? 1|2 1? mile |

Sonic Boom Contours

— 0.5 psf — 3.0 psf
— 1.0 psf — 4.0 psf
- 1.5 psf = 5.0 psf
— 2.0 psf

Map Features

— Supersonic Flight Path
® CRS-10 Measurement Sites

Map Source: USGS
The National Map
Topo

Figure 5. Sonic boom contours generated by the CRS-9 Falcon 9 flyback modeled with wind
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4 Vandenberg Air Force Base

The peak overpressure contours, in psf, resulting from the Falcon 9 first stage flyback at VAFB are shown
in Figure 6, along with the ground track of the boom-producing portion of the trajectory. Sonic boom
modeling of the VAFB flyback used a nominal trajectory provided by SpaceX (‘Iridium_Prediction.xIsx’) and
a U.S. standard atmospheric profile.

As the vehicle descends below 32 miles, the sonic boom generates a forward-facing crescent shaped
contour. As the vehicle descends further, the sonic boom generates oval shaped contours, which end
when the vehicle’s speed becomes subsonic. A summary of the modeled results are detailed below:

» An area of approximately 7.6 square miles surrounding the landing site may experience levels of
5 psf and above. In this region, the predicted levels are up to 7.8 psf, but they occur over
significantly smaller areas. The sonic boom levels fall to 2 psf approximately 7.8 miles east of the
landing site near the western edge of the city of Lompoc. The 0.5 psf contour is bounded by Hwy
101 to the east and Orcutt to the north.

» The broad and narrow crescent shaped contour includes land area on Santa Rosa Island and the
tip of Santa Cruz Island. The predicted overpressure levels in these areas are less than 2 psf. Note
that the location of focus boom regions is highly dependent on the actual trajectory and
atmospheric conditions at the time of flight. Therefore, it is unlikely that any given location will
experience the focus more than once over multiple events.

Note, although the maximum peak overpressure level is predicted to be 7.8 psf (located adjacent to the
landing site), it should be noted that levels measured adjacent to the CCAFS landing site during the CRS-9
mission did not exceed 5.5 psf (3).

The maximum modeled overpressure levels for the vast majority of the community surrounding VAFB are
predicted to be less than 2 psf. The potential for structural damage for levels less than 2 psf is unlikely for
well-maintained structures (4). Damage would be generally limited to bric-a-brac or structural elements
that are in ill-repair (4). The land area between 2 psf and 3 psf surrounding VAFB is largely uninhabited
(based on GoogleEarth satellite imagery), with the exception of farm land to the northeast of the landing
site between VAFB and Lompoc. The 3 psf contour area over land falls entirely within the VAFB property
boundary, with the expectation of approximately 2.5 uninhabited acres.

A large degree of variability exists in damage experience, and much of the damage depends on the pre-
existing condition of a structure. Breakage data for glass, for example, spans a range of two to three orders
of magnitude at a given overpressure. The probability of a window breaking at 1 psf ranges from onein a
billion (5) to one in a million (6). These damage rates are associated with a combination of boom load and
glass condition. At 10 psf, the probability of breakage is between one in 100 and one in 1,000. Laboratory
tests involving glass (7) have shown that properly installed window glass will not break at overpressures
below 10 psf, even when subjected to repeated booms. However, in the real world, glass is not always in
pristine condition.
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At peak overpressure levels between 2 to 4 psf, there is a low probability of structure damage (to glass,
plaster, roofs, and ceilings) for well-maintained structures and increases for levels between 4 to 10 psf
(4). The potential for hearing damage (with regards to humans) is negligible outside of the area adjacent
to the landing site, as the modeled sonic boom overpressure levels in the community are substantially
lower than the ~4 psf impulsive hearing conservation noise criteria.

3 0 3 ? 9| 1|215|mile

Sonic Boom Contours Map Features )
— 0.5 psf — 3.0 psf — Supersonic Flight Path Map Source: USGS T
— 1.0 psf = 4.0 psf I"e NationalMap wﬁz
= 1.5 psf = 5.0 psf = /
— 2.0 psf .

Figure 6. Sonic boom contours generated by the VAFB Falcon 9 Landing
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5 Summary

Sonic boom analysis has been completed for the SpaceX Falcon 9 reusable first stage flybacks to CCAFS
and VAFB. Recent sonic boom measurements collected by SpaceX personnel during the CRS-9 and CRS-10
missions from CCAFS were used to identify an appropriate PCBoom modeling methodology for Falcon 9
flybacks. The sonic boom peak overpressure measurements for the two Falcon 9 flybacks to CCAFS were
compared to predicted levels generated using the selected modeling methodology and resulted in
favorable agreement between the measured and modeled levels. The CCAFS modeling methodology was
then used to model the sonic boom peak overpressures generated by flybacks to VAFB. A discussion of
the VAFB sonic boom contours describes the potential impacts to the surrounding community.
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BRRC Blue Ridge Research and Consulting, LLC

CCAFS Cape Canaveral Air Force Station

dB Decibel

dBA A-weighted Decibel Level

DNL Day-Night Average Sound Level

DOD Department of Defense

FAA Federal Aviation Administration

ft Foot/Feet

NIHL Noise-Induced Hearing Loss

NIOSH National Institute for Occupational Safety and Health
OSHA Occupational Safety and Health Administration

Py Peak Pressure

psf Pounds per Square Foot

SEL Sound Exposure Level in decibels

SLC Space Launch Complex

SpaceX Space Exploration Technologies Corp.
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1 Introduction

This report documents the sonic boom analysis performed as part of Space Exploration Technologies
Corp.’s (SpaceX’s) environmental analysis for the proposed Falcon 9 polar launch and landing operations
from Cape Canaveral Air Force Station (CCAFS). SpaceX plans to conduct polar launch operations of
multiple Falcon 9 configurations from CCAFS Space Launch Complex 40 (SLC-40). The largest
configuration, Falcon 9 with composite fairing as shown in Figure 1, will be modeled to determine the
potential for sonic boom impacts. Following stage separation, the first stage of the Falcon 9 will land on a
droneship stationed in the Atlantic Ocean, north of Cuba and west of the Bahamas. Sonic boom impacts
will be evaluated for a nominal trajectory for up to five annual launches per year. Potential sonic boom
impacts are evaluated on a single-event and cumulative basis in relation to human annoyance, hearing
conservation, and structural damage.

This noise study describes the sonic booms associated with the proposed Falcon 9 polar operations.
Section 2 describes the proposed Falcon 9 polar operations; Section 3 summarizes the basics of sound and
describes the noise metrics and impact criteria discussed throughout this report; Section 4 describes the
general methodology of the sonic boom modeling; and Section 5 presents the sonic boom modeling
results. A summary is provided in Section 6 to document the notable findings of this sonic boom analysis.

Figure 1. SpaceX’s Falcon 9 with composite fairing (left), launch of Falcon 9 (middle), and droneship
landing of the Falcon 9’s first stage (right) (image credit: SpaceX)
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2 Falcon 9 Polar Operations

SpaceX’s Falcon 9 is a two-stage rocket that delivers payloads to space inside a composite fairing or aboard
the Dragon spacecraft. The Falcon 9 with composite fairing will be modeled to determine the potential
extent of sonic boom impacts from Falcon 9 launches. The vehicle parameters are presented in Table 1.

Table 1. Vehicle modeling parameters

Modeling Parameters Values
Manufacturer SpaceX
Name Falcon 9
Length 272 ft (launch w/fairing)
154 ft (1% stage landing)
Diameter 12 ft
Gross Vehicle Weight 1,200,000 Ibs (launch w/fairing)

97,000 Ibs (1% stage landing)

Falcon 9 polar trajectories flown from CCAFS SLC-40 will be unique to the vehicle configuration, mission,
and environmental conditions. Following stage separation, the first stage of the Falcon 9 will land on a
droneship stationed in the Atlantic Ocean, north of Cuba and west of the Bahamas. For the purposes of
this study, the sonic boom modelling utilizes a nominal launch trajectory provided by SpaceX [1] and
shown in Figure 2 to model the sonic booms generated from Falcon 9 polar operations. The nominal
launch trajectory follows an azimuth of approximately 160° for most of the trajectory.

The proposed action includes a total of five annual launch operations, four of which are planned to occur
during acoustic daytime hours (0700 - 2200), and one during acoustic nighttime hours (2200 — 0700).

20 0 20 40 60 80 100 mile

Trajectory Map Features " i A
— Flight Path ®  Launch Site = i, -«)%&

® Landing Site

Figure 2. Falcon 9 polar trajectory
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3 Acoustics Overview
An overview of sound-related terms, metrics, and effects, which are pertinent to this study, is provided to
assist the reader in understanding the terminology used in this noise study.

3.1 Fundamentals of Sound
Any unwanted sound that interferes with normal activities or the natural environment is defined as noise.
Three principal physical characteristics are involved in the measurement and human perception of sound:
intensity, frequency, and duration [2].

> Intensity is a measure of a sound’s acoustic energy and is related to sound pressure. The greater
the sound pressure, the more energy is carried by the sound and the louder the perception of
that sound.

> Frequency determines how the pitch of the sound is perceived. Low-frequency sounds are
characterized as rumbles or roars, while high-frequency sounds are typified by sirens or screeches.

> Duration is the length of time the sound can be detected.

The loudest sounds that can be comfortably detected by the human ear have intensities a trillion times
higher than those of sounds barely audible. Because of this vast range, using a linear scale to represent
the intensity of sound can become cumbersome. As a result, a logarithmic unit known as the decibel
(abbreviated dB) is often used to represent sound levels. A sound level of 0 dB approximates the threshold
of human hearing and is barely audible under extremely quiet listening conditions. Normal speech has a
sound level around 60 dB. Sound levels above 120 dB begin to be felt inside the human ear as discomfort.
Sound levels between 130 and 140 dB are experienced as pain [3].

The intensity of sonic booms is quantified with physical pressure units rather than levels. Intensities of
sonic booms are traditionally described by the amplitude of the front shock wave, referred to as the peak
overpressure. The peak overpressure is normally described in units of pounds per square foot (psf). The
amplitude is particularly relevant when assessing structural effects as opposed to loudness or cumulative
community response. In this study, sonic booms are quantified by either psf or dB, as appropriate for the
particular impact being assessed [4]. A chart of typical impulsive events along with their corresponding
peak overpressures in terms of psf and peak dB values are shown in Figure 3. For example, thunder
overpressure resulting from lightning strikes at a distance of one kilometer (0.6 miles) is estimated to be
near two psf, which is equivalent to 134 dB [5].

psf 0.25 0.5 1 2 4 8 16
) ) . . ) . )

peak dB 116 122 128 134 140 146 152

!

Distant thunder Thunder at 1 km Handgun 1 m

Figure 3. Typical impulsive event levels [5]
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Sound frequency is measured in terms of cycles per second or hertz (Hz). Human hearing ranges in
frequency from 20 Hz to 20,000 Hz, although perception of these frequencies is not equivalent across this
range. Human hearing is most sensitive to frequencies in the 1,000 to 4,000 Hz range. Most sounds are
not simple pure tones, but contain a mix, or spectrum, of many frequencies. Sounds with different spectra
are perceived differently even if the sound levels are the same. Weighting curves have been developed to
correspond to the sensitivity and perception of different types of sound. A-weighting and C-weighting are
the two most common weightings. These two curves, shown in Figure 4, are adequate to quantify most
environmental noises. A-weighting puts emphasis on the 1,000 to 4,000 Hz range to match the reduced
sensitivity of human hearing for moderate sound levels. For this reason, the A-weighted decibel level
(dBA) is commonly used to assess community sound.

Very loud or impulsive sounds, such as explosions or sonic booms, can sometimes be felt, and they can
cause secondary effects, such as shaking of a structure or rattling of windows. These types of sounds can
add to annoyance and are best measured by C-weighted sound levels, denoted dBC. C-weighting is nearly
flat throughout the audible frequency range and includes low frequencies that may not be heard but cause
shaking or rattling. C-weighting approximates the human ear’s sensitivity to higher intensity sounds.

— A-weigted
== =C-weighted

-50

Relative Level, decibel

-150 -

-200

107! 10° 10! 102 10° 10*
Frequency, Hertz

Figure 4. Frequency adjustments for A-weighting and C-weighting [6]

Sound sources can contain a wide range of frequency (pitch) content as well as variations in extent from
short-durations to continuous, such as back-up alarms and ventilation systems, respectively. Sonic booms
are considered low-frequency impulsive noise events with durations lasting a fraction of a second.
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3.2 Noise Metrics

Avariety of acoustical metrics have been developed to describe sound events and to identify any potential
impacts to receptors within the environment. These metrics are based on the nature of the event and
who or what is affected by the sound. A brief description of the noise metrics used in this noise study are
provided below.

Peak Sound Level (Ly)

For impulsive sounds, the true instantaneous peak sound pressure level, which lasts for only a fraction of
a second, is important in determining impacts. The peak pressure of the front shock wave is used to
describe sonic booms, and it is usually presented in psf. Peak sound levels are not frequency weighted.

Day-Night Average Sound Level (DNL)

Day-Night Average Sound Level is a cumulative metric that accounts for all noise events in a 24-hour
period. To account for our increased sensitivity to noise at night, DNL applies an additional 10 dB
adjustment to events during the acoustical nighttime period, defined as 10:00 PM to 7:00 AM. The
notations DNL and L4, are both used for Day-Night Average Sound Level and are equivalent. DNL
represents the average sound level exposure for annual average daily events. DNL does not represent a
level heard at any given time but represents long term exposure to noise.

3.3 Noise Effects

Noise criteria have been developed to protect the public health and welfare of the surrounding
communities. The impacts of launch vehicle sonic booms are evaluated on a cumulative basis in terms of
human annoyance. In addition, the launch vehicle sonic boom impacts are evaluated on a single-event
basis in relation to hearing conservation and potential structural damage. Although FAA Order 1050.1F
does not have 